Abstract. We fabricated a polydimethylsiloxane (PDMS)-based microwell plate (PDMS-MP) containing 100 microwells with a rounded bottom and examined whether it can be used for culture of individual in vitro fertilized (IVF) embryos or parthenogenetically activated zona-free embryos in cattle. In Experiment 1, we examined the in vitro developmental ability of IVF embryos cultured individually on PDMS-MP. After IVF, 20 embryos were transferred into 100 μl drops on PDMS-MP and cultured individually in each well of PDMS-MP (PDMS group). After 7 days of culture, the embryos in the PDMS group developed to the blastocyst stage at the same rate of those in the control group cultured in a group of 20 embryos without PDMS-MP. There were no differences in total number of cells and the ratio of inner cell mass to total cells between the PDMS and control groups. In Experiment 2, we examined the in vitro developmental ability of parthenogenetically activated zona-free bovine embryos cultured individually on PDMS-MP. The zona-free embryos were cultured individually in each well of a PDMS-MP or in each well produced by pressing a darning needle onto the bottom of a culture dish (WOW group). After 7 days of culture, the blastocyst formation rate and cell number of blastocysts in the PDMS group did not differ from those of the zona-intact embryos in the control group. Also, there were no differences in the blastocyst formation rate and cell number of blastocysts between the WOW and PDMS groups. These results suggest that the culture system using PDMS-MP is useful for individual embryos or zona-free embryos in cattle. Key words: Individual culture, Polydimethylsiloxane (PDMS), Zona-free embryos (J. Reprod. Dev. 56: [475][476][477][478][479] 2010) ne of the major commercial methods for in vitro production (IVP) of bovine embryos involves the use of transvaginal ultrasound-guided follicular aspiration (Ovum pick-up) to collect oocytes from fertile and infertile genetically valuable cows [1] . To produce embryos separately from each individual cow, it is necessary to culture embryos individually or as a small group of embryos. However, the blastocyst formation rate decreases when the number of oocytes collected from individual heifers is less than 3 [2]. In the studies using slaughterhouse-derived oocytes, it has been also demonstrated that culture of bovine embryos individually or as a small group of embryos results in lower developmental rates than those cultured in a large group of embryos [2, 3] . Therefore, development of an in vitro culture system that can track individual embryos without decreasing the blastocyst formation rate is needed.
(J. Reprod. Dev. 56: [475] [476] [477] [478] [479] 2010) ne of the major commercial methods for in vitro production (IVP) of bovine embryos involves the use of transvaginal ultrasound-guided follicular aspiration (Ovum pick-up) to collect oocytes from fertile and infertile genetically valuable cows [1] . To produce embryos separately from each individual cow, it is necessary to culture embryos individually or as a small group of embryos. However, the blastocyst formation rate decreases when the number of oocytes collected from individual heifers is less than 3 [2] . In the studies using slaughterhouse-derived oocytes, it has been also demonstrated that culture of bovine embryos individually or as a small group of embryos results in lower developmental rates than those cultured in a large group of embryos [2, 3] . Therefore, development of an in vitro culture system that can track individual embryos without decreasing the blastocyst formation rate is needed.
Furthermore, recently, zona-free oocytes have also been used for IVP of embryos in mammals. In addition, cloned animals [4, 5] , monozygotic twin calves [6] and bovine androgenetic embryos [7] have been produced using zona-free oocytes or embryos. Thus, zona-free oocytes or embryos are a very important source for IVP of mammalian embryos. However, to retain the individuality of zona-free embryos, aggregation with other zona-free embryos must be prevented. On the other hand, tight aggregation of blastomeres is essential for successful IVP of zona-free embryos because they are not enclosed by the zona pellucida.
To solve these problems for culture of individual or zona-free embryos, Vajta et al. [8] developed the well of the well (WOW) system as a new culture method. In the WOW system, embryos are cultured in each well produced by pressing a needle onto the bottom of a culture dish, and the blastocyst formation rates are identical to those obtained in group culture or zona-intact embryos [8, 9] . However, since small wells are made manually in the WOW system, the shapes of the wells are not all the same. Recently, polydimethylsiloxane (PDMS) has been widely used for production of microfluidic devices due to their easy fabrication and low-cost [10, 11] . In the present study, we fabricated a PDMS-based microwell plate (PDMS-MP), in which each well was the same shape, and examined the in vitro developmental ability of bovine embryos cultured in each of its wells.
Materials and Methods

Polydimethylsiloxane(PDMS) microwells
PDMS microwell plates (PDMS-MP, Fig. 1A ) were fabricated using a polymethyl methacrylate (PMMA) mold. PDMS prepoly-mer and catalyst (Silpot 184; Dow Corning, Tokyo, Japan) were mixed at a weight ratio of 10:1. The PDMS mixture was degassed in a vacuum chamber and then poured onto the PMMA mold and cured. PDMS-MPs were then peeled from the PMMA mold and baked on a hot plate for an hour at 100 C. The shape of the microwells is shown in Fig. 1B . Each well was 346 μm in diameter at the opening, 200 μm in depth and round at the bottom.
Oocytes
Ovaries obtained at a slaughterhouse were transported to the laboratory in PBS and stored overnight at 15 C [12] [13] [14] . Cumulusoocyte complexes (COCs) were collected from ovarian follicles of 2-6 mm in diameter. The in vitro maturation (IVM) medium used was TCM-199 (Gibco-BRL, Grand Island, NY, USA) with 10% fetal bovine serum (FBS; Tissue Culture Biologicals, Tulare, CA, USA), 100 IU/ml penicillin G potassium (Meiji Seika, Tokyo, Japan) and 100 μg/l streptomycin (Meiji Seika). Fifty to 70 COCs were cultured in each well of a 4 well dish (Nunc, Roskilde, Denmark) containing 700 μl of IVM medium for 22 to 24 h at 38.5 C under 5% CO2 in air.
In vitro fertilization (IVF)
IVF of oocytes was carried out as described previously [15] . Briefly, expanded COCs after IVM were transferred into fertilization medium, which was BO, a medium defined by Brackett & Oliphant [16] , containing 20 mg/ml crystallized BSA (Sigma Chemical, St. Louis, MO, USA) and 10 IU/ml Heparin (Novo Heparin, Novo, Denmark). Frozen bull semen were thawed and poured into BO containing 10 mM caffeine sodium benzoate (Sigma). The sperm suspension were washed by centrifugation and added to fertilization medium (final concentration, 5 × 10 6 spermatozoa/ml). Co-incubation of oocytes and sperm were carried out for 6 h at 38.5 C under 5% CO2 in air with maximum humidity.
In vitro culture of IVF embryos
A 100 μl drop of IVD 101 medium (Research Institute for the Functional Peptides, Yamagata, Japan) [17] was placed on about 25 microwells of a PDMS-MP on the bottom of a culture dish (BD Falcon-353046, Becton Dickinson and Company, Franklin Lakes, NJ, USA) and covered with mineral oil (Nacalai Tesque, Kyoto, Japan). After IVF, putative zygotes were vortexed to remove cumulus cells, and 20 embryos were transferred into a drop of IVD 101 medium on the PDMS-MP. The embryos were cultured individually in each well of the PDMS-MP (PDMS group) at 38.5 C under 5% O2, 5% CO2 and 90% N2 for 7 days. As a control, 20 zygotes were cultured in a 100 μl drop in the culture dish without a
PDMS-MP (control group).
Parthenogenetic activation
Parthenogenetic activation was performed as described previously [7] . Briefly, after IVM, cumulus cells were removed from COCs in M2 medium [18] containing 300 IU/ml hyaluronidase (Sigma) by pipetting with a fine-bore glass pipette. Oocytes with a first polar body were incubated in 10 μM calcium ionophore A23187 (Calbiochem-Novabiochem, San Diego, CA, USA) in PBS for 5 min and in 2 mM 6-Dimethylaminopurine (Sigma) in TCM-199 with 10% FBS for 5 h.
In vitro culture of parthenogenetically activated zona-free embryos
After parthenogenetic activation, the zona pellucida was removed from oocytes using 0.5% pronase (Actinase E; Kaken Pharmaceutical, Tokyo, Japan). Sixteen to 20 zona-free oocytes were cultured individually in each well of a PDMS-MP (PDMS group, Fig. 2A , C) or in each well produced by pressing a darning needle onto the bottom of a culture dish (WOW group) at 38.5 C under 5% O2, 5% CO2 and 90% N2 for 7 days. About 20 microwells in both groups were covered with an 80 μl to 100 μl drop of CR1aa medium [19] with 5 % FBS; the volume of the medium was adjusted to 5 μl/embryo. As a control, 16 to 20 zona-intact embryos were cultured in an 80 μl to 100 μl drop of the medium (5 μl/embryo) in a culture dish without any microwells (control There were 100 wells in the PDMS microwell plate.
group).
Differential staining of blastocysts for their quality evaluation
Differential staining of the inner cell mass (ICM) and trophectoderm (TE) of blastocysts after 7 days of culture was performed by an immunosurgery method as described previously [20] . Briefly, after removal of the zona pellucida from the blastocysts, the zonafree blastocysts were incubated for 10 min in 10 mM trinitrobenzenesulfonic acid (Nakalai Tesque, Kyoto, Japan) in PBS containing 3 mg/ml polyvinylpyrrolidone (Sigma) on crushed ice. The blastocysts were then incubated for 30 min in TCM-199 containing 0.3 mg/ml anti-dinitrophenol-BSA (Sigma) and for a subsequent 30 min in TCM-199 containing 20% guinea pig complement (Rockland Immunochemicals, Gilbertsville, PA, USA), 10 μg/ml propidium iodide (Sigma) and 10 μg/ml bisbenzimide (Hoechst 33342, Sigma). After washing in PBS, the blastocysts were mounted on slides, covered with coverslips and examined under UV light using a fluorescence microscope. This procedure results in blue fluorescence for bisbenzimide-stained ICM nuclei and pink fluorescence for TE nuclei stained with both fluorochromes. The ratio of the inner cell mass to total cells (ICM ratio) in the blastocysts was then determined to evaluate their quality.
Experimental design
In Experiment 1, we examined whether the PDMS-MP can be used for culture of individual bovine IVF embryos. The cleavage rate of IVF embryos after 2 days of culture and blastocyst formation rate and cell number (ICM ratio) of blastocysts after 7 days of culture in the PDMS group were compared with those of the control groups. The experiments were repeated six times.
In Experiment 2, we examined whether the PDMS-MP can be used for culture of zona-free bovine embryos. The cleavage rate of parthenogenetically activated embryos after 2 days of culture and blastocyst formation rate and cell number (ICM ratio) of blastocysts after 7 days of culture in the PDMS group were compared with those of the WOW and control groups. The experiments were repeated four times.
Statistical analysis
Cleavage, developmental rates, cell numbers of blastocysts and ICM ratios of the embryos were analyzed by ANOVA. A value of P<0.05 was considered to be significant.
Results
Experiment 1
The in vitro developmental rate of the IVF embryos cultured on the PDMS-MP is shown in Table 1 . There were no significant differences between the PDMS and control groups in cleavage rate (67.5 ± 5.5 and 66.7 ± 4.9%, respectively) or developmental rate to the blastocyst stage (16.7 ± 3.8 and 17.5 ± 2.1%, respectively). The total number of cells and ICM ratio of the blastocysts in the PDMS group (81.4 ± 6.6 and 31.0 ± 1.9%, respectively) were similar to those in the control group (84.5 ± 5.3 and 31.3 ± 1.2%, respectively).
Experiment 2
The in vitro developmental rate of the parthenogenetically activated zona-free embryos is shown in Table 2 . There were no significant differences among the groups in the cleavage rate (90.2 ± 1.2, 93.5 ± 3.1 and 89.7 ± 5.1% in the control, PDMS and WOW groups, respectively) or development rate to the blastocyst stage (32.8 ± 4.8, 33.9 ± 5.7 and 35.6 ± 6.0% in the control, PDMS and WOW groups, respectively). The total number of cells (61.1 ± 4.6) and ICM ratio (30.9 ± 1.3%) of the blastocysts in the PDMS group (Fig. 2B, D) were similar to those in the control and WOW groups (55.7 ± 4.0 and 30.1 ± 2.3% and 54.6 ± 4.5 and 29.5 ± 0.7% in the control and WOW groups, respectively).
Discussion
The results of the present study indicated that the culture system using the PDMS-MP was effective for in vitro culture of individual IVF embryos or zona-free embryos in cattle. This system allows tracking individual embryos throughout the whole culture period. Furthermore, it supports successful arrangement of blastomeres for zona-free embryos and prevents aggregation of the other zona-free embryos.
Culture of bovine embryos singly has been reported to result in a low blastocyst formation rate and a small number of blastomeres in embryos at the blastocyst stage [3, 21] . In another study, group culture of more than 5 embryos resulted in a higher blastocyst formation rate than that of single embryo culture [2, 21] , suggesting that embryos secrete various growth-enhancing factors as they develop [22] . In Experiment 1, we compared the in vitro developmental ability of IVF embryos between the PDMS and control groups. In the PDMS group, 20 IVF embryos were transferred into a 100 μl drop on a PDMS-MP and were cultured individually in each well of the PDMS-MP. Compared with the control group cultured in a group of 20 embryos without a PDMS-MP, there were no differences in the blastocyst formation rate, total number of cells and ICM ratio in the blastocysts after 7 days of culture. These results indicate that culture on a PDMS-MP has no negative influence on the in vitro development of in vitro produced bovine embryos, suggesting that culture on a PDMS-MP creates a microenvironment that is rich in various growth-enhancing factors produced by embryos equivalent to that of control group culture.
It has been reported that blastocyst formation rates are lower for zona-free zygotes than zona-intact zygotes [8, 23] . Suzuki et al. [23] showed that the majority of zona-free mouse zygotes that developed to the 4-cell stage had a flat arrangement of blastomeres, suggesting that cell association of zona-free embryos at the 4-cell stage affects subsequent embryonic development. Culture within a small well effectively supports the successful arrangement of blastomeres for zona-free embryos. Vajta et al. [8] showed that the blastocyst formation rate of zona-free zygotes can be increased to the same rate as zona-intact zygotes by culturing them in each well produced on the bottom of a culture dish (WOW system). In Experiment 2, the in vitro developmental abilities of parthenogenetically activated zona-free embryos in the PDMS and WOW groups were compared with that of the zona-intact embryos in the control group. The blastocyst formation rate of the zona-free embryos and cell number of blastocysts in the PDMS group did not differ from those of the zona-intact embryos in the control group. Also, there were no differences in the blastocyst formation rate and cell number of blastocysts between the WOW group, in which microwells were produced manually on the bottom of a culture dish, and the PDMS group. These results suggest that the PDMS-MP can be used for culture of zona-free embryos. PDMS has been used in biological studies, not only because of its easy fabrication and lowcost, but also because it is impermeable to water, nontoxic to cells and permeable to gases [24] . Recently, Kim et al. [25] showed that the quality of bovine IVF embryos cultured in a PDMS-based microfluidic in vitro cultivation system was comparable with those cultured using a conventional method. The results of this past study [25] and those of the present study suggest that culture on PDMS has no harmful effects on the developmental ability and quality of bovine embryos. However, it is necessary to examine whether embryos cultured on a PDMS-MP support full development to term after embryo transfer.
In conclusion, we fabricated the PDMS-MP to track individual embryos throughout the whole culture period and for zona-free embryos to prevent aggregation with other zona-free embryos and support successful arrangement of blastomeres. We demonstrated that in vitro produced zona-intact and zona-free bovine embryos cultured individually in each well on a PDMS-MP developed to the blastocyst stage at the same rate as zona-intact control embryos cultured in a group, suggesting that the culture system using a PDMS-MP is useful for culturing individual embryos or zona-free embryos.
